The study of pulmonary hypertension has been limited by lack of suitable means for producing chronic pulmonary hypertension in animals. Attempts to produce pulmonary hypertension in adult dogs, cats, and sheep by means of pneumoneetomy, 1 hyposia, 2 unilateral pulmonary artery ligation,' 1 and repeated embolization, 4 have resulted in only transient and inconsistent rises in pulmonary arterial pressure. However, Kudolph et al. 5 have shown that moderate pulmonary hypertension can be produced in one-month-old puppies by pneumoneetomy or by ligation of one pulmonary artery. They suggested that the properties of the pulmonary vessels might be different in the immature animal and that this factor might be important in the production of pulmonary hypertension by surgical means.
• The study of pulmonary hypertension has been limited by lack of suitable means for producing chronic pulmonary hypertension in animals. Attempts to produce pulmonary hypertension in adult dogs, cats, and sheep by means of pneumoneetomy, 1 hyposia, 2 unilateral pulmonary artery ligation,' 1 and repeated embolization, 4 have resulted in only transient and inconsistent rises in pulmonary arterial pressure. However, Kudolph et al. 5 have shown that moderate pulmonary hypertension can be produced in one-month-old puppies by pneumoneetomy or by ligation of one pulmonary artery. They suggested that the properties of the pulmonary vessels might be different in the immature animal and that this factor might be important in the production of pulmonary hypertension by surgical means.
Recent clinical studies have suggested that an increased pulmonary blood flow from the time of birth is one stimulus leading to pulmonary hypertension. 0 In addition, it is known that when cattle are exposed to the chronic hypoxia of high altitude, pulmonary hypertension develops, suggesting the presence of a highly reactive pulmonary vascular bed in these animals. 7 " 32 In the present paper we shall show that ligation of one pulmonary artery in newborn calves leads to severe, chronic pulmonary hypertension. Presented in part at the Fifth Conference on Emphysema, Aspen, Colorado and at IV World Congress of Cardiology, Mexico City, Mexico.
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Circulation Research. Volume XIII, December 1908 Methods Nine newborn calves weighing 50 to 75 pounds (Swiss, Holstein, Angus) were subjected to ligation of the left pulmonary artery distal to the ductus arteriosus within 24 hours of birth. The animals were premedicated with atropine sulfate (0.6 mg IM). Light ether anesthesia was induced and artificial respiration with 100% oxygen was carried out through a traeheal tube. The chest was entered via the left fourth intercostal space. The main pulmonary artery was exposed by opening the pericardium and the left main branch doubly ligated with umbilical tape. In four animals the ductus arteriosus was also ligated. The ductus arteriosus usually arises proximal to the bifurcation of the main pulmonary artery and care must be taken not to mistake it for the right branch, otherwise the main pulmonary artery might be ligated inadvertently. The pericardium was sutured and the thoraeotomy closed without drainage.
Subsequent studies were performed in nine calves in whom the left pulmonary artery had been ligated and in 15 normal calves. The animals were placed in the standing position in a metal stanchion. All studies were performed without sedation.
A 6F smooth-bore catheter was inserted into the right heart via a no. 12 thin-walled needle in the jugular vein. 33 Arterial pressures and samples were obtained through polyethylene tubing placed into the dorsal aorta through a no. 16 thin-walled needle using a percutaneous paravertebral approach in the last intercostal space on the left. 14 Right heart pressures were obtained with a Statham P23A gauge and aortic pressures with a Statham P23D and recorded on a Hathaway photographic oscillograph. Methods for administration of gas mixtures, analysis of blood gas samples, and expired air have been described previously. 13 -16 Measurements were begun after five minutes of exposure to any given gas mixture; when possible observations were continued for 10 to 15 minutes. Beyond this time the animals became too restless to obtain reliable studies. Initially a face mask was used for administration of the 13% oxygen mixture. However, in later studies the same degree of hypoxia was achieved by using pure nitrogen via a nasal tube advanced into the area of the nasopharynx. Control aortic, right ventricular, pulmonary artery, and wedge pressures were obtained with the animal standing quietly. In six of eight normal calves less than six days old, the catheter traversed the ductus arteriosus to enter the aorta; this could not be done in older calves. Blood samples for oxygen and carbon dioxide content were obtained from the aorta, pulmonary artery, and right ventricle. After control measurements, the effects of different gas mixtures (13%, 41%, and 100% oxygen) and drugs (aeetylcholine, tolazoline, guanethidine, and atropine sulfate) on the resting pressures and blood gases were recorded.
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Postmortem examination was carried out in all normal animals and in eight of the operated animals. Injection studies were performed in all the autopsied animals to evaluate the bronchial and pulmonary artei'ial beds. The heart and lungs were exposed in situ and the aorta ligated distal to the aortic valve. A mixture of mieropaque* and gelatin in water was injected into the descending aorta, using the systemic arterial systolic pressure recorded during life. The colloidal properties of this solution are such that vessels smaller than 20 rnicra in diameter are not filled.
The heart and the lungs were removed en-bloc.
An X ray of the lungs was taken using Kodak type M X-ray film. The main pulmonary artery was injected with the same mixture using the pulmonary arterial systolic pressure recorded during life. During these injections, the lung was inflated with a static positive pressure of 10 em of water and maintained at 37°C. Following injection of the pulmonary artery, another X ray was taken. The bronchi were then distended with and fixed in Zenker-formal solution for 10 to 14 days. They were then frozen, serially sliced in one-em sections, and contact X rays taken of the slices. The X rays were enlarged and printed. Sections of lung for histologic examination were obtained from desired areas following inspection of the X rays.
The heart was stripped of the great vessels, atria, fat, and valves. The free wall of the right ventricle was dissected from the left ventricle and septum along its line of attachment; the septum was not divided. The papillary muscles attached to the right side of the septum were removed as a part of the right ventricle. The free wall of the right ventricle was weighed and calculated as a per cent of total ventricular weight (RV/T X 100).
Results

DEVELOPMENT OF PULMONARY HYPERTENSION
All calves subjected to unilateral pulmonary artery ligation developed sustained pulmonary hypertension. The mean pulmonary arterial pressures in the operated ani- mals and the 15 normal newborn calves are shown in table 1. The resting pressures recorded are the lowest obtained after the animal had been placed in the stanchion and had become quiet. It is apparent that the pulmonary arterial pressure in the young calf is labile and may rise considerably with minimal exertion or excitement. Day-to-day variation was not uncommon. However, the general trend in the normal calves was for the resting pressure to decrease with increasing age. The pulmonary arterial wedge pressure in normal calves averaged 13.8 mm Hg which is similar to the value reported by Will et al. in yearling steers. 12 The mean pulmonary arterial pressures in the operated animals in all instances rose to levels higher than in the normal animals except in no. 9 who died at two days of age. In some auimals the pulmonary arterial pressure was elevated when first studied while in other animals the pressure rose as the animal became older. The pulmonary arterial wedge pressxires in the operated animals remained normal averaging 14 mm Hg.
Responses to Hypoxia
Operated animal no. 1 lived to five months of age. This animal developed ascites, a large t'dematous brisket, elevated jugular venous pressure, and a right ventricular lift. Right ventricular pressure was 97/28 to 45 mm Hg. Whereas the pulmonary vascular bed had been reactive earlier in his course, it became unresponsive to 13% or 41% oxygen administration. This animal died on the day of his Systemic arterial oxygen saturation averaged 89% in both normal and operated animals. The arteriovenous oxygen difference averaged 5.39 volumes per cent in the normal animals and 5.72 in the operated animals, which is similar to the A'alues reported for normal yearling steers. 13 The oxygen consumption averaged 296 cc/min in the normal and 294 in the operated calves. The above data suggest that the cardiac output was similar in both the operated and normal calves. Consequently, in the operated animals, the blood flow to the right lung was approximately doubled. A ]eft-to-right shunt was noted in only one normal calf at one day of age and in none of the operated calves.
RESPONSE TO INHALED CAS MIXTURES
Application of the face mask was usually accompanied by a rise in the pulmonary arterial pressure, the highest elevations being noted in the operated animals. Therefore, pressures were compared with the face mask in place before, during, and after administration of various gas mixtures.
Effects of Hypoxia (table 2A)
In eight normal calves hypoxia increased the mean pulmonary arterial pressure by 21 ± 9.6 mm Hg. In contrast, average increases of only 12.7 mm Hg in older calves 15 (wt 49 kg to 240 kg) and nine in yearling steers 18 have been reported.
In four operated calves hypoxia increased the mean pulmonary arterial pressure by 45 ± 19.3 mm Hg. The degree of arterial nnsaturation was approximately the same in both groups. Figure 1 illustrates the response of animal no. 3 to bypoxia 28 days postoperatively. Control mean pulmonary arterial pressure was 38 mm Hg rising to 84 with 13% oxygen. During hypoxia the mean pulmonary arterial wedge pressure remained unchanged at 10 mm Hg. Ninety days postoperatively, the resting mean pulmonary arterial pressure was Circulalwn Research, Volume A"///, December 19SS 2 ).
Effects of 41% or 100% Oxygen (table 2B)
In seven normal calves there was an aver-562 VOOEL, AVEEILL, POOL, BLOUNT age decrease in mean pulmonary arterial pressure of 14 ± 10.4 mm Hg, whereas in seven operated calves the average decrease was 29 ± 18.9 mm Hg. The change in pressure began in three to five seconds with the maximal decrease in two to three minutes. Figure 3 illustrates the response to 100% oxygen in a 15-day-old operated animal. Control mean pulmonary arterial pressure was 127 mm Hg. Within three to five seconds the mean pulmonary arterial pressure started to decrease, reaching a low of 65 mm Hg after three minutes. Associated with the fall in pulmonary arterial pressure was a decrease in heart rate from 180 to 120/min and in respiratory rate from 25 to 14/min.
In two studies in operated animal no. 2, the response to oxygen was not altered by the intravenous administration of 2 mg of atropine sulfate (table 3) .
RESPONSE TO DRUGS
Effect of Tolazoline
Tolazoline (Priscoline) was administered intravenously into the pulmonary artery in a dose of 1 mg/kg over a 45-see period. 19 There was a rapid fall in mean pulmonary Response of calf no. 2 to 100% oxygen fifteen days postoperalively.
arterial pressure which was maximal within one to two minutes. The pressure generally returned to control levels within three minutes. In contrast to human subjects with pulmonary hypertension and reactive pulmonary vascular beds, 19 a sustained lowering of mean pulmonary arterial pressure with tolazoline in calves was not observed.
Effect of Acetylcholine
Acetylcholine was administered intravenously in doses ranging from 1 to 4 mg/min using a constant infusion pump. With as little as 1 mg/min, there was a prompt (within two to three seconds) and sustained fall in mean pulmonary arterial pressure which persisted for 15 to 30 minutes after stopping the acetylcholine. The effect on mean systemic arterial pressure was variable with no change or increase in four studies and a slight to moderate decrease in six studies (table 4). Figure 4 illustrates the response of operated animal no. 3 to acetylcholine. Control mean pulmonary arterial pressure was 88 mm Hg falling to 51 with acetylcholine. This 37 mm Hg decrease occurred despite a 45% increase in cardiac output. In two of three calves, the administration of 2 rag of atropine sulfate intravenously reversed the effects of acetylcholine on the pulmonary arterial pressure.
In four normal calves the continuous intravenous infusion of acetylcholine (ACh) in doses ranging from 1 to 4 mg/min blocked the pressor response to 13% oxygen (table 5). 
VOGEL, AVERII/L, POOL, BLOTJNT
Effect of Guanethidine
In two normal calves the intravenous administration of 40 mg of guanethidine given acutely or after two days preparation with guanethidine did not block the response to hypoxia (table 6) .
POSTMORTEM FINDINGS Gross Pathology
Minimal adhesions were noted at the site of the thoracotomy. Dilatation of the main pulmonary artery was a prominent finding in operated animals. The ductus had been ligated in four operated animals and in those remaining was never more than probe patent. The left lung which appeared normal in size had prominent bronchial vessels on the pleural surface.
The EV/T in normal calves ranged from 31.3% to 39.1% where, as in the operated calves, it ranged from 38.6% to 55.3% (table  7) . Right ventricular hypertrophy was noted in all operated animals ( fig. 5 ). Values in normal calves up to 69 days of age are higher than the average value of 24 reported for yearling steers. 12 The time required for the RV/T in the calf to decrease to adult levels is undetermined.
Injection Studies
In the normal calves the bronchial circulation was readily visualized following injection of the aorta (fig. 6 ). Distal, small pulmonary arteries are also injected via the bronchial arteries at the preeapillary level, The RV/T in the normal four-day-old calf was 35%. However, in the three-ioeek-old operated calf the RV/T was 49%. demonstrating the presence of bronehopulmonary-arterial anastomoses in the normal calf. The results of an aortic injection in a calf with left pulmonary artery ligation are shown in figure 7 . Note the tortuous, dilated bronchial arteries in the left lung. The appearance of the pulmonary arteries in calf no. 3 following injection is shown in figure 8 . The ligated lung reveals a pattern of fine, lacy, progressively branching vessels.
ACETYLCHOLINE
The vessels in the hypertensive lung are dilated with a stripped appearance which is characteristic of the lung with severe pulmonary hypertension. These arteriograms were performed in calf no. 3 whose resting pressures as well as responses to hypoxia and acetylcholine were shown earlier (figs. 1, 2, 4, and table 1).
Histologic Studies
The morphologic appearance of the small pulmonary arteries in these animals may partially explain the stripped appearance in the arteriogram. Small and medium sized pulmonary arteries from the hypertensive lung showed medial hypertrophy ( fig. 9a and b). Compare these vessels with the vessels from the ligated lung ( fig. 9c and d) . As would be predicted from the normal arteriogram on the ligated side, the vessels appear delicate.
FIGURE 6
Filling of bronchial arteries in normal calf following aortic injection. Pulmonary arteries are filled via bronchopulmonary arterial anastomoses (arrow).
EXPERIMENTAL PULMONARY HYPERTENSION
FIGURE 7
Demonstration of increase in size of bronchial arteries in lung with ligated pulmonary artery. Specimen from five-month-old calf ligated within 24 hours of birth.
Discussion
It has been shown by a number of investigators that pneumoncctomy and unilateral pulmonary artery ligation in dogs does not result in sustained pulmonary hypertension. 1 ' 3 However, all these studies, except for one report, have been in mature animals. 5 Our results have shown that unilateral pulmonary artery ligation from the time of Mrth results in sustained pulmonary hypertension by mechanisms as yet unknown.
A number of studies were performed to elucidate the mechanism by which the increased pulmonary blood flow to the right lung led to pulmonary hypertension. In some calves the resting mean pulmonary arterial pressure was only slightly elevated for one to two weeks postoperatively indicating a low pulmonary vascular resistance immediately following surgery. However, in these animals the mean pulmonai-y arterial pressure eventually increased to levels two to four times normal. Both aeetyleholine and -to a lesser extent 100% oxygen were effective in reducing these elevated resting mean pulmonary arterial pressures. The response to acetylcboline suggested a vasoconstrictive factor perhaps resulting from distention of the pulmonary arteries consequent to the total cardiac output being directed through the right lung. The reason for the decrease in pressure with 100% oxygen is not clear, although the response suggests that the lower POa of 5,000 feet may be important. The presence of a reactive pulmonary vascular bed following unilateral pulmonary artery ligation was shown by the response to hypoxia and this could be virtually elimi- nated by the administration of aeetyleholine. Eventually, with the onset of failure, a stage of nonreactivity was encountered in the calf surviving to five months. Whether this represented the onset of irreversible morphologic changes in the pulmonary bed remains to be determined. Although there was considerable medial hypertrophy in the pulmonary arteries of the animals dying in heart failure, there was no evidence of intimal proliferation or thrombosis. Possibly this state of nonreactivity was related to the development of contracture of the pulmonary vessels as suggested by Short. 20 The possible chain of events promoting the development of pulmonary hypertension may be as follows: Unilateral pulmonary artery ligation -» Increased blood flow to unligated lung -> Distension of pulmonary arteries with slight increase in pulmonary arterial pressure -» Reactive vasoeonstrietion -»• Maintenance of fetal structure of pulmonary arteries with (?) increase in muscle mass -» Eventual contracture of pulmonary The presence of increased reactivity to hypoxia plus the high RV/T values in our normal calves up to three months of age, as compared to yearling steers, suggests that the pulmonary arteries mature slowly in calves. Recent work in this laboratory supports this concept and has shown that ligation of one pulmonary artery in calves one week to three months of age may still result in pulmonary hypertension.
The calf is not unique in its response to unilateral pulmonary artery ligation. In two of four puppies surviving unilateral pulmonary artery ligation on the day of birth, morphologic evidence of severe pulmonary hypertension was noted. 6 -21 However, when ligation is delayed until one month of age only moderate and poorly sustained pulmonary hypertension results. 5 In addition, it has been shown that RV/T values in puppies Circulation Research, Volume XIII, December 1983 reach normal adult levels within two weeks. 21 These observations suggest an earlier maturation and less reactivity of the pulmonary arteries in the dog as compared to the calf.
In contrast, when unilateral pulmonary artery ligation was performed in newborn lambs pulmonary hypertension did not develop (table 8 ). In addition, Reeves and associates have reported that lambs aged three to five months do not develop pulmonary hypertension when exposed to chronic hypoxia. 2 Thus there appears to be a spectrum of reactivity of the pulmonary vascular bed among species, as well as within a given species. In addition, the evidence suggests variable rates of maturation of the pulmonary vascular bed among species. This wide range of reactivity of the pulmonary vascular bed has also been shown in man. 6 ' 22> 23 Our studies have been performed at 5,000 feet. It remains to be determined whether the lower P0 2 of this altitude played a significant role in the results described above. Hematoxylin and eosin; a and b are injected pulmonary arteries from hypertensive lung; o and d are pulmonary arteries from ligated lung. The lumens are filled with injectate. Summary 1. The left pulmonary artery was ligated in day-old calves. All animals developed pulmonary arterial hypertension with resting mean pressures as high as 114 mm Hg. This was associated with a reduction in the pulmonary arterial vascular bed of the right lung and right ventricular hypertrophy. The longest survival has been five months; death being associated with congestive heart failure.
2. Pulmonary hypertension developed without concomitant rise of pulmonary arterial wedge pressure.
3. Inhalation of 13% 0 2 caused an average rise of 45 mm Hg in mean pulmonary arterial pressure, as compared with 21 mm Hg in normal calves and nine in yearling steers. 4. Inhalation of 41% or 100% O 2 caused an average decrease of 29 mm Hg in pulmonary arterial pressure, as compared with 14 mm Hg in normal calves. 5. Acetylcholine reduced the elevated pulmonary arterial pressure suggesting that vasoconstriction played an important role in the development of the pulmonary hypertension. Tolazoline was ineffective.
6. The spectrum of reactivity of the pulmonary vascular bed among species as well as within a given species is illustrated.
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